Abstract. Though hydrogen fuel reduces the carbon dioxide emission, it still produces NO x . However, gaps exist in the fundamental understanding of hydrogen-air combustion and the NO emission; most previous research has focused on the flames burning with mixture such as H 2 mixed with CH 4 , rather than pure H 2 flame. Here, a computational study is presented to investigate the effects of stretch rate on NO formation in counter-flow premixed hydrogen-air flame. The simulations of premixed hydrogen flames were performed with OPPDIF code with UCSD chemical mechanism. Results indicate that the NO formation is affected by three factors: radical concentration, flame temperature, and residence time of reactants. The flame temperature, the reaction rate of NO, and the NO emission index all decrease when the stretch rate increases. Moreover, the formation of NO through thermal mechanism, NNH mechanism, and N 2 O mechanism are discussed, as well as the percentages of their contribution..
Introduction
Over the last 30 years, all industrialized countries and many developing countries have introduced increasingly stringent legislation restricting the level of pollutant emission. Reducing exhaust emissions has become a major topic of the combustion research. The engineers are trying to promote the use of clean energy and renewable energy to replace the fossil fuel. Although hydrogen has considerably low density and its efficient production and storage is difficult currently, it has the advantages of large combustion heat release per unit mass and little harmful emission during inflammation; there is no CO, SO x , PAH, soot, and unburned hydrocarbon emission from the hydrogen fuel combustion. Besides, it does not produce the greenhouse gas CO 2 . So more fundamental study of the hydrogen-air premixed flame is needed to understand its burning characteristics and chemical kinetics.
The only pollutant from hydrogen combustion is NO x , so the reduction of NO x emission is much more important than that of combustion with conventional fuels. Therefore, the H 2 /O 2 kinetics is important for accurate prediction of NO x formation. And the study of combustion characteristics and NO x behavior of hydrogen fuel combustion is necessary before extensive usage of hydrogen fuel.
The counterflow flame has been used in many studies to investigate the reaction kinetics and species transport properties under the influence of aerodynamic stretch, which leads to a better understanding of the structure and propagation of laminar premixed flames [1] . It also has been used frequently in combustion NO x emission studies. Skottene and Rian [2] studied NO x formation numerically in the premixed hydrogen flames and compared them with the experimental data. Their results showed that the formation of NO through NNH radicals is important in the hydrogen-air flames; the flame temperature and the radical production have a strong influence on the NO x predictions. Frassoldati and Faravelli [3] have investigated the NO x formation and nitrogen chemistry in the hydrogen flame with a large set of experimental measurements. Their investigation showed that two main reaction paths of NO x formation are relevant in H 2 combustion: thermal NO and the N 2 O mechanism; the NNH mechanism is important at low temperatures too. Guo et al. [4] numerically investigated the effect of hydrogen addition on the extinction limits and the characteristics of NO x emission of the ultra-lean counterflow CH 4 /air premixed flame. They found that the addition of hydrogen can significantly increase the flammable region and extend the flammability limit of stretched flame to a lower equivalence ratio. However, none of them have investigated the NO formation in counter-flow premixed hydrogen-air combustion. In this paper, the effects of stretch rate on NO generation in counter-flow premixed hydrogen-air flames are systematically investigated
Numerical Model
Simulations of premixed hydrogen flames are performed with the OPPDIF code [5] of the CHEMKIN package [6] . The OPPDIF code is written in FORTRAN, and used for computing combustion in a counterflow configuration. The transport model includes multi-component gas diffusion model and the thermal diffusion model of light species such as H 2 and H. The OPPDIF code has been widely used in the premixed flame simulation; numerous successful research has validated the accuracy of the code [7] .
Small adaptive grid adjustment parameters are adopted in the simulation. Strict convergence criteria is also introduced to reduce the computational truncation error, and the RTOL is 1.E-10, ATOL is 1.E-12, ATIM is 1.E-12 and RTIM is 1.E-10, respectively [8] . Because the impact of radiation on the hydrogen flame temperature is considerably small, the simulation does not include the radiation model. The temperature of both fresh mixture streams is set as 298 K. The global stretch rate is defined as k=4V/L; where L is the distance between the two nozzles, which is set as 3 cm, and V is the velocity out of the nozzles [9] .
The reaction kinetics is modeled by the UCSD mechanism from the University of California at San Diego [10] . Li et al. [8] has proved the accuracy of the kinetic mechanism for NO x emission; compared with experiment data, the difference for flame temperature and NO x emission are within 30 K and 2 ppm respectively, which are within the experiment uncertainty.
It is well known that NO can be formed through the thermal route, the N 2 O intermediate route, NNH route, and the prompt route. The hydrogen combustion does not contain hydrocarbon radical; therefore, the prompt route does not exist. 
Results And Discussions

Effects of stretch rate on NO concentration
In this simulation, the hydrogen-air mixture streams met in a stagnation plane at atmospheric pressure. Since the objective of this paper is to study the NO formation in counter-flow premixed hydrogen-air combustion, a constant equivalence ratio of 2 is used for all the flames. Fig. 1 shows the peak temperature and the peak NO concentration variation with stretch rate. It is observed that the flame temperature and the NO mole fraction decreased with stretch rate.The Lewis number of the flame is evaluated based on the diffusivities of O 2 in the mixture since O 2 is the deficient reactant. For a premixture with Le less than one, when the stretch rate increases, the flame temperature increases, and for a premixture with Le more than one, increasing the stretch rate will decrease the flame temperature continuously until extinction [9] . In this simulation, the calculated Le is 1.74. Therefore, the flame temperature will decrease when the stretch rate increases. 2.0x10 -7 3.0x10 -7 4.0x10 -7 5.0x10 -7 Mole fraction of NO Stretch rate (1/s)
Fig. 1. Temperature and NO concentration variation with stretch rate
The H 2 O production rates with stretch rate 4000 s -1 and 17333.33 s -1 are given in Fig. 2 , respectively. It can be clearly observed that the H 2 O production rate is symmetrical about the stagnation plane. When the stretch rate is low, there is no H 2 O generated in the stagnation region, which means the O 2 sufficiently react with H 2 before it reaches the stagnation plane. When the stretch rate rises to a very large value, the H 2 O is even generated in the stagnation plane which means the reaction between H 2 and O 2 does not proceed completely. When the stretch rate gradually increases, the exit velocity of the premixed stream is growing; it pushes the flames get closer and closer to the stagnation plane. The residence time of reactants in the flame zone has also become shorter. When this residence time is less than the chemical reaction time, the chemical reactions are incomplete. The incomplete reaction also causes the temperature decrease. When the exit velocity of the fresh mixture reaches a critical value, the flame will be extinguished at the center of the burner. In addition, the NO emission is also a sensitive function to the flame temperature, and can be affected by the radical H and O concentrations. The residence time is proportional to the reciprocal of stretch rate as in Kobayashi and Kitano [11] . The NO generation is proportional to the residence time in the flame zone, thus the relationship between the NO emission and the residence time of reactants in the flame zone will be verified. The residence time has been defined as the time of reactant traveling from the peak O concentration point. Based on the above definition, Fig. 3 (a) shows the relationship of the O mole fraction and the stretch rate. It illustrates that as the stretch rate increases, the average O concentration in the combustion zone and postflame zone (the region from peak O point to the stagnation plane) gradually increased and the peak O concentration is decreased; same trends are observed for OH, H, N radicals. The chain branching and chain propagating reactions initiated by free radicals play the most important role in chemical reaction [12] . And with the increase of stretch rate, the residence time of the reactants decreases. The relationship between the NO mole fraction and the residence time is shown in Fig. 3  (b) . It can be seen that the NO concentration with different stretch rates can be divided into two parts: one part has a linear relationship with the residence time and another almost flat part. The linear region represents the combustion zone and most of the post flame zone, NO mass diffusion is much less than convection and production terms and can be ignored, the slope of the NO mole fraction curve is proportional to the NO formation rate. As shown in Fig. 3 (b) , with the rising of stretch rate,
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the slope of the NO mole fraction curve decreased, and the maximum value of the linear region is also decreasing. The flat part represents a very tiny region around the stagnation plane, the volume of this region is very small, and so is the NO production. At the same time, the axial velocity is tiny, so the residence time appears high; with the large variation residence time and very tiny NO production, the flat characteristics of the curves are observed. 
) (a). NO mole fraction variation with residence time of different stretch rates (b).
Effects of stretch rate on NO production Fig. 4 shows the NO formation data with different stretch rates. The biggest difference among these four figures is that when the stretch rate is low, the NO production rate near the axis of symmetry approaches 0, but when the stretch is very high, such as 8000 s -1 , the NO production rate near the axis of symmetry was significantly increased. To explain this phenomenon, we selected one reaction N + OH = NO + H because its curve changes obviously, and list the related variables at the stagnation plane with stretch rate 800s -1 and 8000s -1 . (1) where the empirical parameter b and the activation energy E a both equal 0. The O mole fraction with stretch rate 8000s -1 is much larger than that with stretch rate 800s -1 . The reaction of H 2 and O 2 proceed completely before reaching the stagnation plane with stretch rate 800s -1 , the stagnation region
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is the post flame region with low radical concentration; with stretch 8000s -1 , the reaction of H 2 and O 2 still is going at the stagnation plane, and the stagnation region is the combustion zone with very high radical concentration. Therefore the NO production rate is much higher in the case with stretch rate 8000s -1 . In Fig. 4 , it is observed that the reaction HNO + M = H + NO + M has a negative value for NO production; the reaction is going in the reverse direction and consumes NO significantly. In addition, the reaction NO 2 + M = NO + O + M and reaction NO + HO 2 = NO 2 + OH are the mechanism of the transformation between NO and NO 2 . Only at low temperature could NO be transformed to NO 2 significantly, but this is not the situation here and the transformation rate is very little.
In current simulations , the N 2 O route contributes very little to the NO production because the NO formation is promoted at high pressure with the N 2 O route due to the presence of a third body in reaction N 2 + O + M = N 2 O + M, and the current simulations are under one atmospheric pressure.
As the flame temperatures for these four stretch rates are 2057K, 2051K, 2029K, 1865K, respectively, the NO formation mechanism of all four flames contains thermal type and NNH type. Fig. 5 shows the total NO production (integration over distance) by thermal mechanism, NNH mechanism, and the full mechanism. For the flame with a relatively high temperature 2056K (466.66s -1 ), the thermal-type mechanism contributes 52.1% of the total NO production. It only contributes 43.4% of the total NO production with 8000 s -1 , 1864.66K. The NNH pathway reactions occur mainly in the combustion zone with relatively high concentrations of H and O radicals. We can calculate from The total NO production rate in Fig. 5 is affected by the NO production rate and the production volume. For the thermal mechanism, the NO production rate can be written as
where k 1 is the rate coefficient and equals 1.8×10 -10 exp(-38400/T) cm 3 mol -1 s -1 [13] . The NO production rate via the NNH mechanism at 1 atm is
where k p is the equilibrium constant of reaction N2 + H = NNH in partial pressures, X H is the H mole fraction [14] , and k 2 k p equals 2.3×10 -15 exp(-2760/T) cm 3 mol -1 s -1 . The coefficient k 1 has a large activation temperature; which causes the thermal type NO production rate decreases very rapidly with Applied Mechanics and Materials Vols. 284-287stretch rate. The effective rate k 2 k p is relatively insensitive to temperature because of lower activation temperature, thus the NO production rate with NNH type is proportional to the H and O concentrations. As mentioned before, the peak O and H concentration are all decreased with stretch rate, which makes the reduction of NO production rate with NNH type. The thermal type NO production rate decreases with temperature relatively faster and caused the NNH type NO production occupied a larger percentage.
The production volume of NO includes the combustion zone and the postflame zone. The thermal type NO production appears not only in the combustion zone but also the postflame zone and the NNH type NO is mainly generated in the combustion zone. The combustion zone and postflame zone all decrease as the stretch rate increases, thus the thermal type NO production will be more affected; which also makes the NNH type NO production shows a larger percentage.
Effects of stretch rate on emission index of NO
The global NO characteristic of hydrogen-air with different stretch rates can be compared by plotting the NO emission index versus global stretch rate. The NO emission index is defined as
where M represents the molecular weight, ω is the net production/consumption rate, L is the distance between the nozzles, and x is the axial coordinate [15] . The emission index is a global parameter that has been commonly used to characterize NO emission from different flames. The H 2 consumption rate and the NO production rate with different stretch rates are shown in Fig.  6 (a) and Fig. 6 (b) respectively. As shown in Fig. 6 (c) , the integration terms of NO production and H 2 consumption are all decreased with stretch rate. As mentioned before, with increasing stretch rate, the integral terms of NO production decreases due to the lower temperature and lower NO reaction volume (combustion zone plus postflame zone). The reduction of the integration term of H 2 consumption is caused by the reduction of reaction rate due to lower temperature and the combustion zone thickness as stretch rate increases. The production volume of NO including the combustion zone and postflame zone, it decreases very fast with stretch rate as the flame is pushed to the stagnation
